from feed-forward excitation and to terminate via network depression (Chub and O'Donovan, 1998). In all of these examples, the oscillating activity was attributed to a recurrent excitatory architecture as opposed to a well defined pacemaker network (Feller, 1999 . Our results indicate that a restricted also been described. In the chick spinal cord, spontanesubset of interneurons forms an early electrically couous episodes of spiking activity are thought to originate pled premotor network that is rhythmically active and precedes the establishment of the mature chemically coupled locomotor network.
Results events of smaller amplitude than the periodic depolarizations. Similar to the periodic depolarizations, the synaptic bursts had a total duration of ‫004ف‬ ms. In contrast Whole-cell recordings were obtained in vivo from spinal to the periodic depolarizations, the synaptic bursts did neurons at ages ranging from 20 to 24 hr. To unambigunot trigger action potentials and, thus, could not be ously identify each neuron, a fluorescent dye was inresponsible for generating contractions. Furthermore, cluded in the patch pipettes, and micrographs of the as will be shown below (see Figure 3B ), the synaptic different cell types were captured. At this stage of develbursts were eliminated by the glycinergic blocker strychopment, spinal neurons can be classified into ten types nine, which, however, fails to block spontaneous con- (Table  ures 1A and 1B show the two types of activity patterns 1). Recordings were also obtained from commissural for two interneurons; Figure 1C shows the activity patCoPA interneurons, a group of neurons in which a large terns for a motoneuron. The motoneuron activity patmajority showed periodic depolarizations (85%; n ϭ 13) terns were described previously in detail (Saint-Amant (Figure 2A ). Interestingly, all four types of active primary and Drapeau, 2000) and are included here for comparineurons (PMNs, IC, VeLD, and CoPA) projected their son. In current clamp recordings, each periodic depolaraxons ventrally, whereas both types of inactive primary ization (PD in Figure 1) the spontaneous behavior. Nevertheless, when active, but not all cases, and the white symbols represent neurons that never showed periodic depolarizations. The the secondary interneurons had activity patterns (periodic depolarizations and synaptic bursts) (Figures 2B variability in the presence of periodic depolarizations for the different types of neurons might be due to the and 2C) that were similar to those of primary interneurons (Figures 1 and 2A) . Table 1 summarizes the data immaturity of many of these newly differentiated neurons. This is supported by the observation that older for the presence of periodic depolarizations in all recordings obtained.
embryos had more secondary neurons showing periodic depolarizations. In embryos aged 22 hr or younger, only Although the vast majority of neurons appeared to lack dye coupling to other cells, in a few cases (Ͻ5%), 32% (n ϭ 37) of secondary neurons had PDs, whereas, in embryos aged 23 hr or older, over 58% (n ϭ 53) clear evidence for dye coupling was observed. In Figure  2D , the cell on the right (an RoP motoneuron) was loaded of secondary interneurons had PDs. This reveals that secondary neurons become more active as embryos with dye, whereas the cell on the left (a VeLD interneuron) had a cell body in a more rostral somite and was presummature and suggests that there may be a delay before the neurons are incorporated into the active network. ably labeled by contact with the caudal cell via the descending axon.
The diagram in Figure 2E summarizes Table 1 The lack of effect of either of these blockers could be or receptor was not important for generating the periodic depolarizations, we blocked all chemically mediated due to the inefficacy of the drugs or compensation by one neurotransmitter when the other is blocked. Indeed, transmission by injecting newly fertilized blastulae with botulinum neurotoxin toxin type B (BoNT/B). At 24 hr, combined applications of glutamatergic and glycinergic blockers are essential to completely suppress spontasome injected embryos were completely immotile and were unresponsive to touch, presumably as a conseneous activity in the chick embryo (Chub and O'Donovan, 1998). Thus, the consequence of combined applicaquence of the block of neuromuscular and central chemical transmission. Neurons in these embryos showed tion of these blockers on spontaneous rhythmic activity was assessed, and the efficacy of the blockers was normal periodic depolarizations, while glycinergic transmission was undetectable (n ϭ 12) ( Figure 3D 1 ), even at tested by blocking evoked synaptic activity in the same preparation. Figure 3C 1 shows a recording of both types very hyperpolarized potentials (up to Ϫ90 mV; data not shown) where any residual events should have been of spontaneous events under control conditions. During the same recording, the embryo was touched on the larger and, therefore, more readily detected. Action potentials could be evoked in the neurons of botulinumhead ( Figure 3C 2 ), which evoked a robust long-lasting synaptic response. When the same preparation was treated embryos and were observed during periodic depolarizations in some preparations (data not shown). In treated with a combination of CNQX, APV, and strychnine, the spontaneous periodic depolarizations were recontrast to the lack of effect of BoNT/B treatment on periodic depolarizations, touch-evoked synaptic retained, but the synaptic bursts (n ϭ 16) ( Figure 3C 3 ) and touch-evoked synaptic responses were abolished (n ϭ sponses were eliminated (n ϭ 5) ( Figure 3D 2 ), indicating that the BoNT/B treatment was effective in suppressing 5) (Figure 3C 4 ) . These results support the conclusion that ionotropic glutamatergic and glycinergic transmission is chemical synaptic activity but not the periodic depolarizations. These observations, together with the results not required for generation of periodic depolarizations. Because this rhythmic activity was observed in curare, for receptor blockers described above, strongly suggest that chemical transmission plays no role in the generanicotinic cholinergic mechanisms do not appear to contribute, although we cannot rule out, for example, a mustion of periodic depolarizations. (Figsponses (Figure 4B 2 ) . Together with the effect of early ure 6A), a motoneuron and interneuron from the same heptanol treatment, this suggests that an electrically somite ( Figure 6B ), and two interneurons in different coupled network underlies the periodic depolarizations somites ( Figure 6C ). In each of these recordings, a periand early motor behavior. odic depolarization in one neuron was always simultaneous with a periodic depolarization in the other cell, with Electrical Coupling and Synchronization failures never being observed, and, as stated above, the of Spinal Neurons coactive neurons were electrically coupled. This striking As a direct test of electrical coupling, we obtained paired ipsilateral coactivity of electrically coupled neurons is recordings from spinal neurons to examine the consesurprising when considering that glutamatergic blockers quences of current injection in either cell. As shown and botulinum toxin had no effect on the activity, in Figures 5A 1 and 5A 2 , coactive neurons were always strengthening the conclusion that electrotonic coupling electrically coupled (n ϭ 9) as observed upon passing mediates synchronization of activity in the early embrydepolarizing or hyperpolarizing current in either neuron onic spinal cord. of a pair. Recordings were also obtained from pairs Although electrically coupled ipsilateral neurons were where either one (n ϭ 5) ( Figure 5B 
Possible Mechanism for the Generation of Periodic Depolarizations
Another result supports a role for calcium entry during the periodic depolarizations. Apamin is a bee toxin that Although electrical coupling could spread and synchronize excitation among connected neurons, gap juncinactivates a specific calcium-activated potassium conductance that has often been implicated in the aftertions alone are insufficient to generate rhythmic activity. As shown in Figure 7 for an IC neuron, TTX completely hyperpolarization that ultimately leads to burst (or plateau) termination (el Manira et al., 1994). When apamin eliminated activity (n ϭ 10). Upon sudden release from hyperpolarization, the cell showed a transient (albeit (100 nM) was added to the bath ( Figure 7B , compare upper paired control recordings to lower paired reweaker) depolarization and repolarization with a time course similar to the periodic depolarization (n ϭ 6) cordings in apamin), there was a 3-fold increase in the duration of the periodic depolarizations (from 565 Ϯ 20 ( Figure 7A, top) . Furthermore, this TTX-resistant rebound depolarization was also seen in an unstimulated ms to 1637 Ϯ 88 ms, n ϭ 5; p Ͻ 0.001). The latter result supports the hypothesis that calcium entry causes the CiD neuron in this paired recording, suggesting that the periodic depolarization and, also, that it is terminated via a calcium-activated potassium conductance. How- , where it was found that current injection in a single cell could change the frequency of periodic does not extend to spinal interneurons and is insufficient for motor behavior. Thus, the limited local coupling depolarizations impinging on it. This could occur if all coupled neurons are part of a gap junctional syncitium, within motoneuron pools in the neonate contrasts with the extensive and essential role we have found for couwhere depolarization of one neuron can lead to the excitation of the circuit connected to it. Another mechanism pling of motoneurons and premotor interneurons in the embryo, where the network-wide activity is sufficiently that could promote synchronization is the release of K ϩ ions by active neurons, which could contribute to the strong to generate a behavior. Electrical junctions have been implicated in the generation of synchronized depolarization generated by electrical coupling within the network. Such a mechanism seems improbable bebreathing rhythms in the neonatal rat brainstem (Rekling subthreshold. However, electrical coupling on its own cannot cause rhythmic activity. In a variety of spinal cords, low-voltage-activated calcium conductances (in conjunction with excitatory amino acids and neuromodulators) initiate burst firing, whereas calcium-activated potassium conductances terminate bursting (Stein et  al., 1997) . Cadmium, a calcium channel blocker, was shown to block rhythmic activity in motoneurons of the zebrafish embryo (Saint-Amant and Drapeau, 2000). In the present study, apamin, a blocker of calcium-activated potassium currents, prolonged the periodic depolarizations. Together these results indicate that a similar mechanism may generate rhythmicity in the early zebrafish spinal cord. Furthermore, the presence of TTX-resistant synchronized events (upon release from hyperpolarization) suggests that the rhythmic activity results from the interaction of the cellular properties of all neurons participating in the network. C1531-C1538.
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